Background
FFR measured during invasive coronary angiography (ICA) is the gold standard for lesion-specific coronary revascularization decisions in patients with stable CAD. The potential for FFR CT to noninvasively identify ischemia in patients with suspected CAD has not been sufficiently investigated.
Methods
This prospective multicenter trial included 254 patients scheduled to undergo clinically indicated ICA for suspected CAD. Coronary CTA was performed before ICA. Evaluation of stenosis (>50% lumen reduction) in coronary CTA was performed by local investigators and in ICA by an independent core laboratory. FFR CT was calculated and interpreted in a blinded fashion by an independent core laboratory. Results were compared with invasively measured FFR, with ischemia defined as FFR CT or FFR 0.80.
Results
The area under the receiver-operating characteristic curve for FFR CT was 0.90 (95% confidence interval [CI] : 0.87 to 0.94) versus 0.81 (95% CI: 0.76 to 0.87) for coronary CTA (p ¼ 0.0008). Per-patient sensitivity and specificity (95% CI) to identify myocardial ischemia were 86% (95% CI: 77% to 92%) and 79% (95% CI: 72% to 84%) for FFR CT versus 94% (86 to 97) and 34% (95% CI: 27% to 41%) for coronary CTA, and 64% (95% CI: 53% to 74%) and 83% (95% CI: 77% to 88%) for ICA, respectively. In patients (n ¼ 235) with intermediate stenosis (95% CI: 30% to 70%), the diagnostic accuracy of FFR CT remained high.
Conclusions
FFR CT provides high diagnostic accuracy and discrimination for the diagnosis of hemodynamically significant CAD with invasive FFR as the reference standard. When compared with anatomic testing by using coronary CTA, FFR CT Invasive coronary angiography (ICA) is the established clinical standard for detecting coronary artery disease (CAD). The correlation between angiographic and physiological stenosis severity, however, is poor (1, 2) . Because coronary physiology trumps anatomy for clinical outcome (3, 4) , current guidelines for the management of stable CAD recommend documenting ischemia by using a noninvasive functional test (e.g., single photon emission computed tomography, stress echocardiography, cardiac magnetic resonance [cMR]) before considering ICA or coronary revascularization (4, 5) . Shortcomings of current noninvasive diagnostic strategies in CAD, however, are apparent from the frequently inaccurate selection of patients for ICA (6) . Fractional flow reserve (FFR), which assesses the ratio of flow across a stenosis to putative flow in the absence of a stenosis, has been shown to be a powerful tool for detecting lesionspecific myocardial ischemia. Several randomized trials have shown that an FFR threshold of 0.80 distinguishes patients and coronary lesions that will benefit from coronary revascularization (7) from those that will not (8) . Consequently, FFR is the accepted reference standard for assessing the functional significance of CAD in a lesion-specific manner (4). Noninvasive anatomic assessment by coronary computed tomography angiography (CTA) is being increasingly used as an accurate tool for detecting or excluding CAD (9) (10) (11) (12) . Although the absence of coronary stenoses according to coronary CTA is associated with an excellent prognosis and obviates the need for any further diagnostic evaluation (11) , the correlation of stenoses detected by using coronary CTA to downstream myocardial ischemia is poor (13) . Recently, a method using computational fluid dynamics to calculate coronary blood flow, pressure, and FFR based on routinely acquired coronary CTA datasets at rest (FFR CT ) has been described (14) (15) (16) . FFR CT combines anatomic and functional information to enable appropriate therapeutic decision making. This method has tremendous potential because noninvasive determination of FFR may be a unique, useful test to differentiate individuals who will or will not benefit from revascularization, and thus FFR CT has the potential of being a reliable gatekeeper to the pathway of ICA.
The aim of the present study was to assess the diagnostic performance of FFR CT by using invasive FFR as the reference standard. Compared with previous studies (15, 16) , a substantially refined version of the FFR CT technology was used, and the emphasis on coronary CTA acquisition quality was strengthened.
Methods
Study design. The rationale and design of the NXT (Analysis of Coronary Blood Flow Using CT Angiography: Next Steps) study have been described previously (17) . The study was designed to characterize FFR CT diagnostic accuracy in patients suspected of having CAD by using invasive FFR as the reference standard, and it reflects improvements in FFR CT technology (updated proprietary software with quantitative image quality analysis, improved image segmentation, refined physiological models, and increased automation), as well as emphasis on the coronary CTA image acquisition protocol to reflect current guidelines (18) . The study protocol was approved at each of the 10 participating centers (Online Appendix) by the local institutional review board. All study subjects provided written informed consent. Study population. Coronary CTA performed <60 days before scheduled nonemergent ICA was required for inclusion. As pre-specified (17) , the first 100 patients included in the study had no requirements with regard to coronary stenosis severity. Beginning with patient 101, at least 1 stenosis with luminal diameter reduction between 30% and 90% in a vessel segment !2 mm in diameter according to coronary CTA was required. Exclusion criteria included previous coronary intervention or coronary bypass surgery; contraindications to beta-blocking agents, nitroglycerin, or adenosine; suspected acute coronary syndrome; previous myocardial infarction <30 days before coronary CTA or between coronary CTA and ICA; and body mass index >35 kg/m 2 . Coronary CTA acquisition and analysis. Coronary CTA was performed by using single-or dual-source computed tomography (CT) scanners with a minimum of 64 detector rows (temporal resolution 75 to 175 ms). Both prospective triggering and retrospective gating were used for scan acquisitions. Filtered back-projection was used for image reconstruction to ensure the broadest applicability of our findings given that this is the current clinical standard of care. Laboratories followed quality standards as defined in guidelines (18) . Oral and/or intravenous beta-blockers were administered targeting a heart rate of <60 beats/min, and sublingual nitrates were administered to ensure coronary vasodilation. Data acquisition was performed with 100-kV tube voltage in patients weighing 70 kg and 120 kV in subjects weighing >70 kg. Coronary CTA images were transmitted to a central FFR CT core laboratory (HeartFlow, Inc., Redwood City, California), where image artifacts (e.g., motion, noise, contrast, blooming) were independently evaluated by using a predefined scoring system for selection of cases appropriate for FFR CT analysis (17, 19) . Experienced local investigators evaluated luminal diameter stenosis in each coronary artery segment !2 mm in diameter by using an 18-segment coronary model before ICA (18) . The strategy of stenosis quantification was at the discretion of the local investigator. Significant obstruction was defined as stenosis >50% in a major epicardial coronary artery segment !2 mm in diameter. ICA and FFR measurement. ICA was performed according to standard practice (20) . Angiograms were transferred to the angiography/FFR core laboratory (Harrington Heart and Vascular Institute, University Hospitals, Cleveland, Ohio) for quantitative angiography analysis by independent, blinded readers. Per protocol, measurement of FFR (PressureWire, St. Jude Medical, St. Paul, Minnesota) was performed during ICA in at least 1 vessel segment with diameter !2 mm and stenosis !30% (17) . Consistent with previous studies (1), segments showing angiographic total or subtotal occlusion were assigned an FFR value of 0.50. The angiography/FFR core laboratory evaluated the complete FFR tracings for achievement of steady-state maximal hyperemia, pressure drift, and other artifacts that could compromise FFR interpretation. FFR CT computation. Using the most recent generation of FFR CT analysis software, analysis was performed in a blinded fashion at HeartFlow ( Fig. 1) (14, 17) . For each patient, a quantitative 3-dimensional anatomic model of the aortic root and epicardial coronary arteries was generated from coronary CTA images. Coronary blood flow and pressure were computed under conditions simulating maximal hyperemia. The results provide FFR CT throughout the coronary arterial tree. Occluded arteries were assigned FFR CT values of 0.50 (1) . The FFR CT analysis required 1 to 4 h per examination depending on the CT image quality and atherosclerotic disease burden. Integration of coronary CTA and FFR data. The angiography/FFR core laboratory received a blank 3-dimensional computer model of the coronary anatomy from the FFR CT core laboratory; on this model, they indicated location(s) corresponding to the FFR pressure sensor location(s) at the time of FFR measurement(s). The blinded integration core laboratory (HeartFlow) received the FFR measurement location indication(s) and reported corresponding FFR CT data. Integration of FFR and FFR CT data occurred only after all FFR CT analyses for all patients were complete. Endpoints and statistical analysis. The primary study endpoint was per-patient diagnostic performance as assessed by the area under the receiver-operating characteristic curve (AUC) of FFR CT ( 0.80) versus coronary CTA (stenosis >50%) for the diagnosis of hemodynamically significant stenosis (FFR 0.80) in patients with coronary CTA stenosis of 30% to 90%. FFR 0.80 was the reference standard. Secondary endpoints included assessment of diagnostic accuracy, sensitivity, specificity, positive predictive value (PPV), and negative predictive value (NPV) of FFR CT and coronary CTA for all patients, patients with intermediate stenoses (30% to 70%), vessel-based analyses, and comparison of accuracy measures of FFR CT , coronary CTA, and ICA by using invasive FFR as the reference standard. Furthermore, diagnostic performance was assessed on a perpatient basis by using a stenosis threshold of 70% for coronary CTA and ICA and in the setting of a high Agatston score (threshold 400). Sample size calculations with assumptions have been described previously (17) . Pre-test likelihood of CAD was determined by using the updated Diamond-Forrester risk score algorithm (4, 21) . AUC comparisons in patients with stenoses 30% to 90% were performed on per-patient and per-vessel levels according to the method described by DeLong et al. (22) . Diagnostic accuracy, sensitivity, specificity, PPV, and NPV were calculated as simple proportions with 95% confidence intervals (CIs). Nonevaluable segments on coronary CTA in vessels >2 mm were assumed not to be stenotic. A patient was considered positive for the presence of ischemia if any evaluable vessel !2 mm in diameter had an FFR value 0.80. Similarly, a patient was considered negative if no vessel !2 mm in diameter had an FFR value 0.80. The same rules applied for the assessment of FFR CT . Patientlevel comparison of diagnostic performance characteristics (accuracy, sensitivity, specificity, PPV, and NPV) was performed by using the McNemar's test for paired samples or percentile bootstrap with 100,000 resamples as appropriate. To account for potential correlation between multiple vessels in the same subject, the generalized estimating equation method with an exchangeable correlation structure was used to compare paired samples at a per-vessel level. All analyses were performed by using SAS version 9.3 (SAS Institute, Inc., Cary, North Carolina). Nørgaard
Results
a total of 8 patients were excluded immediately after coronary CTA, and 47 (13%) did not pass the CT image quality acceptance criteria (Fig. 2) . After coronary CTA acceptance, 56 patients were not eligible for inclusion; Figure 2 provides the reasons for their exclusion. Thus, 254 patients were available for intention-to-diagnose analyses. Three subjects did have a coronary stenosis between 30% and 90%. Hence, 251 subjects formed the basis for the primary endpoint analysis. Comparison of FFR and FFR CT was performed in 484 vessels. FFR was directly measured in 468 vessels, and an FFR value of 0.50 was assigned to 16 occluded vessels (3%). In 22 (4.5%) vessels, a nondiagnostic segment on coronary CTA was found proximal to the segment in which the pressure wire was placed. Baseline characteristics of the study cohort are listed in Table 1 , and characteristics related to coronary CTA acquisition are provided in Table 2 . The mean Agatston score (measured in 214 patients) was 302. The mean interval between coronary CTA and ICA was 18 days (range 1 to 55 days). Serious adverse events included 1 patient with coronary dissection during invasive FFR measurement requiring percutaneous coronary intervention and 2 patients with transient cerebral ischemic attacks after ICA and invasive FFR measurement. The per-patient and pervessel characteristics of coronary CTA, ICA, FFR CT , and FFR are presented in Table 3 . Diagnostic performance of FFR CT , coronary CTA, and ICA for diagnosis of ischemia. Per-patient and per-vessel AUC for FFR CT were 0.90 (95% CI: 0.87 to 0.94) and 0.93 Figure 2 Study Enrollment *Rejected cases often had multiple artifacts. Motion/misregistration (n ¼ 27), high image noise (n ¼ 21), excessive calcium blooming (n ¼ 19), and low contrast to noise ratio (n ¼ 19). yPrior coronary stent (n ¼ 1), severe pulmonary disease (n ¼ 1), progressive disease (n ¼ 1), elevated creatinine level (n ¼ 1), withdrawal of patient consent (n ¼ 7), invasive coronary angiography >60 days after the time of coronary computed tomography angiography (CTA) (n ¼ 5), no coronary artery stenosis 30% to 90% according to site readings (n ¼ 5). Adenosine not administered for fractional flow reserve (FFR) (n ¼ 1), and unspecified (n ¼ 1). BMI ¼ body mass index; FFR CT ¼ fractional flow reserve derived from coronary computed tomography angiography datasets; ICA ¼ invasive coronary angiography; NXT ¼ Analysis of Coronary Blood Flow Using CT Angiography: Next Steps.
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FFR Derived From Standard Acquired Coronary CTA (0.91 to 0.95), respectively. Diagnostic accuracy, sensitivity, specificity, PPV, and NPV for FFR CT on a per-patient basis were 81%, 86%, 79%, 65%, and 93%, respectively (Table 4) . On a per-vessel basis, the values were 86%, 84%, 86%, 61%, and 95%. In analyses restricted to patients with intermediate stenoses ranging from 30% to 70% (n ¼ 235), these values were 80%, 85%, 79%, 63%, and 92% (Table 5 ). There was good direct correlation of per-vessel FFR CT to FFR (Pearson's correlation coefficient 0.82; p < 0.001), with a slight underestimation of FFR CT compared with FFR (Fig. 3) . Figure 4 displays representative cases of patients with coronary obstructions without ischemia or with ischemia. Measures of diagnostic performance for coronary CTA and ICA are shown in Table 4 . Raising the per-patient diameter stenosis threshold for anatomic test positivity to 70% resulted in lower sensitivity and higher specificity: 70% (95% CI: 60% to 79%) and 84% (95% CI: 79% to 90%) for coronary CTA. For ICA, the respective values were 35% (95% CI: 25% to 46%) and 100% (95% CI cannot be calculated). In patients with an Agatston score >400, accuracy, sensitivity, and specificity of FFR CT were 75% (95% CI: 62% to 84%), 88% (95% CI: 64% to 97%), and 69% (95% CI: 54% to 81%) versus 44% (95% CI: 31% to 56%), 94% (95% CI: 79% to 100%), and 23% (95% CI: 11% to 37%) for coronary CTA, respectively. Diagnostic performance of FFR CT versus coronary CTA for diagnosis of ischemia. The AUC of FFR CT was higher than for coronary CTA interpretation on both a per-patient and a per-vessel level (Fig. 5) . Per-patient and per-vessel diagnostic accuracy, specificity, and PPV for FFR CT were higher than for coronary CTA (Table 4) . These findings were consistent also in patients with intermediate coronary stenoses (Table 5) . FFR CT correctly reclassified 68% of patients with coronary CTA false-positive findings and 67% of those with coronary CTA false-positive vessels as true negative findings (Fig. 6) .
Discussion
This large study convincingly found that noninvasive determination of FFR is possible on the basis of standard coronary CTA datasets acquired under resting conditions with no additional radiation, contrast, or medication. In patients suspected of having CAD, FFR CT exhibited a very high diagnostic performance compared with invasively measured FFR. Particularly noteworthy was the high specificity of FFR CT , which was markedly better than in a previous evaluation of FFR CT (16) . Moreover, compared with coronary CTA, FFR CT led to a marked reduction in false-positive results. Of note is the fact that patients with stenoses in the intermediate range (30% to 70%) comprised >90% of the overall study population. In clinical practice, such patients present a particular challenge because the relationship between angiographic stenosis severity and ischemia is poor (1,13). The results of our study expand on findings and clinical implications from previous studies of FFR CT (15, 16) . The pilot DISCOVER-FLOW (Diagnosis of Ischemia-Causing Stenoses Obtained Via Noninvasive Fractional Flow Reserve) trial enrolled 103 subjects, validated against invasive FFR, and reported a per-vessel sensitivity of 88% and a specificity of 82% (15) . The more recent DeFACTO (Determination of Fractional Flow Reserve by Anatomic Computed Tomographic Angiography) trial enrolled 252 patients, validated against FFR, and demonstrated a perpatient sensitivity of 90% but a specificity of only 54%, which did not meet the pre-specified primary endpoint of a lower 95% CI border for diagnostic accuracy of >70% (16) .
The improved diagnostic performance of FFR CT in the present study, in particular with regard to specificity, importantly reflects substantial refinements in FFR CT technology and physiological modeling (14, 17) , as well as an increased focus on CT image quality (17) and adherence to official recommendations regarding coronary CTA acquisition (18) . Refinements in technology evaluated in this study included improved automated image processing methods to more accurately identify the luminal boundary and improved physiological models to reduce the bias observed in previous studies (15, 16) . In particular, improvements in physiological models of microcirculatory resistance were implemented that demonstrated substantial improvement in diagnostic performance when evaluated retrospectively by using data from the DISCOVER-FLOW and DeFACTO studies. The importance of CT image quality and patient preparation in coronary CTA has been well established (18) . The diagnostic performance of both coronary CTA and FFR CT have been shown to improve with adherence to established best practices for image acquisition, particularly by heart rate control and use of prescan nitroglycerin (23) . In the DISCOVER-FLOW and DeFACTO trials, adherence to coronary CTA acquisition guidelines was neither required nor controlled. In contrast, in the present study, strict adherence to these guidelines was mandatory. Accordingly, >99% of the patients in this study received sublingual nitrates before coronary CTA compared with only 75% of patients in the DeFACTO trial (16) . In addition, the present study used local site reading of coronary CTA stenosis degree to provide a real-world scenario and wider generalizability of the findings (24). Moreover, as indicated by differences in the proportion of FFR measurements 0.80 (21% of vessels in this study compared with 37% in the DeFACTO study), pre-test likelihood of CAD may have been different between the 2 studies. Notably, the pre-test probability of significant CAD in this study was intermediate (4, 21) and thus reflective of the type of patients in whom noninvasive imaging is best used (4) .
Established noninvasive functional diagnostic tests, such as single photon emission computed tomography, cMR, or stress echocardiography, do not directly visualize the coronary arteries or assess the functional significance of individual coronary lesions; however, they do provide Tables 2 and 3. JACC Vol. 63, No. 12, 2014 Nørgaard et al. April 1, 2014 April 1, :1145 FFR Derived From Standard Acquired Coronary CTA meaningful information on prognosis and thus are recommended in guidelines for the diagnostic evaluation of symptomatic patients (4) . The ability of these tests to correctly identify ischemia-producing stenoses by using FFR as the reference standard has been evaluated in several 1-and 2-center studies (25) (26) (27) . In 1 study, cMR was compared with FFR 0.80 in 103 patients with suspected angina, with high reported per-vessel diagnostic performance (i.e., sensitivity of 82% and specificity of 98%) (25) . However, FFR was directly measured in only 207 vessels (or 69% of the 300 coronary segments included in this analysis). Another study compared cMR with FFR 0.80 in 67 patients with multivessel disease and reported a per-vessel sensitivity of 61% and a specificity of 69%, with direct measurement of FFR in 154 vessels (77%) supplying 201 vascular territories included in the analysis (26) . A third study investigating the diagnostic performance of dobutamine stress echocardiography in 70 patients measured FFR in all 70 vessels included in the analysis and reported a sensitivity of 48% and a specificity of 73% (27) . Inclusion of a sizable number of vessels with assigned rather than measured FFR values may introduce error because vessels with normal or minimal disease according to CT or angiography may have measured FFR 0.80 (2, 13) , and severely stenosed vessels by angiography may have measured FFR >0.80 (1, 13) . In the present, large, multicenter study, FFR values were directly measured in 97% of the 484 vessels included in the analysis, and per-vessel sensitivity and specificity for FFR CT were 84% and 86%, respectively.
In an era of rising healthcare costs, great attention is placed on cost-effectiveness of procedures. Current clinical algorithms for therapeutic decision making in stable CAD often require 2 separate tests for assessment of coronary anatomy and ischemia (4, 5) . Despite extensive use of noninvasive testing, ICA continues to play a major role in diagnostic pathways (4) (5) (6) . As a result of inadequate diagnostic discrimination with the use of noninvasive tests, up to 60% of subjects suspected of having CAD and referred for ICA do not have obstructive vessel narrowing (6) , and the proportion without functionally significant myocardial ischemia would be expected to be even higher. A single noninvasive test with high diagnostic performance for both anatomy and lesionspecific ischemia would provide a major advantage in assessment of CAD. Our data firmly establish that myocardial ischemia is unlikely in patients tested negative by using FFR CT (NPV of 93%). Moreover, FFR CT revealed substantially improved specificity compared with coronary CTA. The present findings supporting the potential role of coronary CTA with FFR CT as a reliable gatekeeper to ICA and revascularization, together with the worldwide, everexpanding access to coronary CTA (12), may have major health and economic implications. Indeed, simulation analyses based on historical data indicate that use of FFR CT to guide selection of ICA and revascularization may reduce costs and improve clinical outcomes in patients suspected of having CAD (28) . The ongoing multicenter PLATFORM (Prospective Longitudinal Trial of FFR CT : Outcome and Resource Impacts; NCT01943903) trial compares the effect of FFR CT -guided testing versus standard diagnostic evaluation on clinical outcomes, resource utilization, costs, and quality of life in patients suspected of CAD. Study limitations. In the present study, 13% of patients were judged to have nonevaluable coronary CTA images on the basis of a pre-defined image quality score (17, 19) . This proportion may diminish with further improvement of CT acquisition techniques and refinement of the FFR CT technology. The number of patients eligible for study inclusion (having ICA performed after coronary CTA) but not recruited was not recorded; therefore, site-level selection bias on the basis of coronary CTA findings cannot be excluded. However, the pre-test risk of CAD, as well as the spectrum and prevalence of disease (e.g., with regard to Agatston scores, as well as coronary CTA and FFR positive results), in this trial support the generalizability of the findings. Patients with acute coronary syndromes and previous coronary intervention or bypass surgery were excluded from the present study. Thus, generalizability of FFR CT to 
Conclusions
This study found that FFR CT has high diagnostic performance compared with invasively measured FFR, identifying patients with hemodynamically relevant obstructions with high sensitivity and specificity. Compared with anatomic interpretation by using coronary CTA, FFR CT led to a marked increase in diagnostic specificity. The addition of FFR CT to coronary CTA may allow for a comprehensive anatomic and functional assessment of CAD in a manner potentially promoting beneficial clinical and cost outcomes, which remain to be definitively proven in appropriately designed prospective trials.
